Gordon-Taylor empirical model revealed a spectacular increase (~25 o C) of the Tg of dry films at 56 pH 2.0 and with the addition of metals. Uniaxial extension measurements revealed that, at pH 2.0, 57 films were stronger with lower extensibility in contrast to their counterparts prepared at pH 7.0. All 58 films were microstructurally inspected and revealed a continuous one-phase microstructure at length 59 scales >100 µm with no significant differences in the surface topography. Changes of the physical 60 properties of films have been attributed to the modulation of the intermolecular interactions that are 61 influenced by the degree of ionisation of carboxyl groups (pH), electrostatic interactions (inclusion 62 of cations), and conformational reorientation of pectin chains. Overall, it has been shown that it is 63 possible to engineer biopolymer films for a range of applications depending on the desired operating 64 environment. 65 66
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Introduction 68
Biopolymer films are amorphous structures that are most frequently formed after 69 condensation of concentrated biopolymer solutions. During solvent evaporation, the constituting 70 biopolymers progressively reduce their molecular mobility resulting in a solid-state amorphous 71 matrix (usually >85% solids). Biopolymer films are often fabricated with polysaccharides, proteins 72 or their blends with addition of various plasticisers or cross-linkers (Vieira, da Silva, dos Santos, & 73
Beppu, 2011) and have a wide range of applications in biomedical, food, and pharmaceutical areas 74 (Rinaudo, 2007) . Biopolymer-based films have advantages for certain applications such as 75 biomimetism or biodegradability, nevertheless, they are accompanied by certain drawbacks that are 76 related to their sensitivity to environmental conditions (e.g., moisture) or anisotropy (e.g., in 77 mechanical properties) (Crouzier, Boudou, & Picart, 2010) . 78
Polysaccharides may be relatively simple consisting of one sugar residue (e.g., glucose) 79 lacking tuning capacity of their physical properties without severe chemical functionalisation (e.g., 80 starch). Others are complex biopolymers that are readily influenced by solvent composition (i.e., 81 solvent-polymer interactions), as they already carry functional groups (e.g., carboxyl, methyl, or 82 sulphate), side chains, or various sugar residues (e.g., xanthan or alginates). Pectin is a highly 83 complex heteropolysaccharide that in its simplest description consists of two major blocks, that is 84
homogalacturonan (HG) and rhamnogalacturonan-I (RG-I). HG is a linearly α-(1→4) linked D-85
galacturonic acid (D-GalA) polymer with methyl-esterified carboxyl groups at the C-6 position with 86 the structure becoming increasingly more complex with acetylation at O-2 or O-3 positions 87 (Mohnen, 2008) . The extent of methyl-esterification is termed degree of methylesterification (DM) 88 and for DM < 50% pectin is classified as low methylated (LM) whereas for DM > 50% as high 89 methylated (HM). This distinction is important, as it signals differences in the functional properties 90 of pectins such as gelation or interactions with other species that may be present in the solution (e.g., 91
cations, charged molecules etc. This naturally led us to formulate our current hypothesis that by modulating the 110 macromolecular interactions of pectin chains in the liquid state we would be able to control the 111 physical properties of the films in the solid-state. Consequently, the objectives of the present work 112 were to fabricate pectin films with a spectrum of physical properties and characterise them so as to 113 understand and ultimately predict their physicochemical behaviour. 114 115
Materials and Methods 116

Materials 117
Unstandardized citrus HM-pectin (GENU Pectin Type B Rapid Set-Z) was obtained from CP 118 Kelco (UK). All salts and D-sorbitol that were used to fabricate the films (NaCl, KCl, CaCl2, MgCl2, 119 AlCl3) and to create atmospheres of constant relative humidity (P2O5, LiCl, MgCl2, Mg(NO3)2) were 120 purchased from Sigma-Aldrich (Poole, UK) and were of analytical grade. Sodium azide 0.02 g dL 
Film preparation 142
Pectin (4 g dL -1 ) was dispersed at room temperature in distilled water and pH was adjusted to 143 either 2.0 or 7.0 with the aid of 100 mM HCl or NaOH. Metal doping was performed at the same 144 ionic strength (100 mM) for all salts (NaCl, KCl, CaCl2, MgCl2, AlCl3). Sorbitol (5 g dL -1 ) was 145 added as plasticiser only in films that were used for tensile measurements. For the latter samples, 146 this process yields films with composition of ~45% pectin and ~55% sorbitol in dry matter. Salts 147 were added in the pectin dispersions and after overnight solubilisation the solutions were centrifuged 148 for 5 min at 4000 g to ensure the removal of air bubbles. Solutions were cast (~100 mL) in ~240 149 cm 2 teflon-coated pans and left to dry at room temperature for ~7 days. (Perron & Lederman, 1972) films. Generally, high 220 molecular weight chains result in stronger films compared to their low molecular weight 221 counterparts because short chains increase molecular mobility resulting in samples with lower glass 222 transition temperatures, tensile strength, and elastic modulus (Sperling, 2006) . Polydispersity index 223 of pectin sample revealed relatively narrow molecular weight distribution indicating that the 224 contribution of large polymer chains is only to a limited extent greater than those of small molecular 225 weight. Consequently, it will be difficult to ascribe any observed differences in the physical 226
properties of the films exclusively to the molecular weight distribution of the initial material (i.e., 227 polydispersity). Rather, degree of methylesterification and conformational changes induced by pH 228 and inclusion of cations are expected to play greater role, as they will act cooperatively to affect the 229 efficiency of chain packing (Alba et al., 2018) thus influencing the free volume and molecular 230 mobility of the condensed systems. 231 Naturally, the next step would be to identify solution conformational changes that may be 232 induced by modifications of solvent quality in the liquid state, as the first stage in film preparation 233 involves dispersion of pectin into the appropriate cation-containing solution. Intrinsic viscosity 234 measurements, which reflect the hydrodynamic volume of isolated pectin chains and give first 235 insights to their conformational status, is not particularly influenced by the presence of different 236 metals or pH (Table 1 ). This behaviour is in accordance with our recent studies where solution 237 conformation of high DM pectins, as the one we used in the present investigation, are not affected 238 by changes in pH . This occurs because pectins with high DM (> ~50) are not 239 influenced considerably by electrostatic interactions because of their low charge density in contrast 240 to low DM pectins (< ~30). As a causal consequence, the effect of chain interactions with metals 241 in solution will also be minimal. Indeed, the effect of cations on intrinsic viscosity becomes evident 242 only at pH 7 for the multivalent metals that have the ability to form cross-links between the carboxyl 243 groups of pectin chains resulting in formation of water-insoluble aggregates (Li, Al-Assaf, Fang, & 244
Phillips, 2013). This limiting behaviour was further demonstrated by the trivalent Al 3+ that at pH 7 245 did not form solutions at all and consequently films, as the samples gelled due to chain cross linking 246 during preparation. It should be mentioned that aggregate formation and gelation critically depends 247 on the ion concentration as well as the fine structure of pectin. 248 begins to decrease for these two samples at pH 7 indicating lower volumes due to cross linking 260 (Table 1) . 261
We have established, so far, that pH and addition of cations exerts limited influence on the 262 hydrodynamic characteristics of pectin chains and, therefore, film formation will essentially 263 commence from pectin solutions with similar hydrodynamic volumes. However, conformational 264 changes may still be induced by drying and differences in the physical properties of the solid-state 265 systems (e.g., thermal or mechanical) could be attributed not only to the alteration in the strength of 266
Spectroscopic analysis and thermal properties 270 271
The first step was to investigate how film-forming conditions influence the DM of pectin, as 272 it is one of the most important parameters that governs pectin functionality (Figure 1, Table 2) . 273
Peaks at 1620 cm -1 of FT-IR spectra originate form stretching vibrations of carboxylate anions 274 
290
The distinct influence of pH on the apparent DM is evident irrespectively of the specimen. In 291 particular, fabrication of films at pH 7 results in a decrease of apparent DM. As the technique is 292 DM and only a marginal reduction in apparent DM with increase of valency was observed at pH 2.0 302 (Table 2 .0). It should be mentioned that limited acid hydrolysis (occurring at pH 2.0) and β-303 elimination (occurring at pH 7.0) during sample preparation could contribute to molecular weight 304 reduction of the initial material although the extend of this degradation was not assessed in the 305 present study. Consequently, findings reveal that fabrication of pectin films, irrespectively of how 306 it proceeds, may result in permanent structural changes in the molecular architecture of pectin that 307 may influence vitrification events and film functionality. For instance, demethylation may assist 308 interactions with water or enhance cross linking with multivalent cations through the exposed 309 carboxyl groups whereas extensive acid hydrolysis may result in increased molecular mobility of 310 the chains in the amorphous state. 311
Glass transition temperatures (Tg) of water plasticised metal-doped pectin films in the absence 312 of sorbitol were investigated by differential scanning calorimetry (DSC) (Figure 2 ) and moisture 313 content was determined by thermogravimetric analysis ( Figure S2 ). The glass transitions are usually 314 obtained from thermograms of the second scan immediately after quenching to erase thermal history 315 of the samples. However, this experimental approach resulted in weak thermal events and the peaks 316 of the first derivatives of the heat flow from the first run were used instead to identify the midpoint 317 of glass transitions (Figure 2 , inset). It should be noted that fast transitions to the out-of-equilibrium 318 state (i.e., fast water evaporation, in the present study) result in films with greater enthalpic content 319 (Hutchinson, 1995) . 341
Glass transition temperatures collected from the previous step were fitted to the empirical 342 Gordon-Taylor (GT) model to construct state diagrams of the films (Figure 3 ). This approach allows 343 following the moisture-content depression of Tg and obtain information on the influence of pH and 344 metals on the glass transitions of the films. GT-modelling enables calculation of the glass transition 345 of the dry polymer (Tg1) and constant k that indicates the plasticisation effect of water, with higher 346 k values indicating higher plasticisation efficiency (Table 3) . bonds between hydroxyl groups of monosaccharide residues of the chains and polyol. As a result, 417 the introduction of polyols in the unoccupied spaces between biopolymer chains increases free 418 volume and molecular mobility with concomitant depression of Tg (Vieira et al., 2011) . 419
Figure 4: Stress-strain curves of metal-doped pectin films at pH 2.0 and 7.0. Samples at pH 2.0 tend 420 to be stiffer (top left inset) with higher tensile strengths than those at pH 7.0 (bottom right inset). 421 422
However, the aforementioned mechanism of action occurs without influencing electrostatic 423 interactions that are modulated by changes of pH or addition of cations. Consequently, the presence 424 of sorbitol is not expected to have a measurable influence on the fundamental modes of 425 macromolecular interactions between the chains that were described in the previous section. 426
Although Tg was not measured and modelled for the samples with sorbitol the overall trends in the 427 mechanical behaviour is in agreement with the thermal properties that were discussed in the previous 428 section. 429 Initial inspection of the plots reveals the clear influence of pH on the mechanical properties, 430
as films fabricated at pH 7 result in specimens with significantly lower tensile strengths and Young 431 moduli, and higher Hencky strains than those at pH 2, irrespectively of the cation that was used 432 pH 2 pH 7 (Table 4) . Moisture content, which is one of the major determinants of elasticity in biopolymer 433 films, ranged between 8-17 % (Table 4) and could potentially account for the observed differences. 434
Closer examination of the curves (Figure 4) and Table 4 showing clearly that pH and not the plasticizing effect of water is the predominant factor affecting 443 the tensile properties of the films. Consequently, water content is not the determinant factor and 444 intermolecular interactions controlled by pH between pectin chains appear to be the primary factor 445 that influence the mechanical properties of the samples. Furthermore, the stress vs. strain curves 446
show a linear trend for all the investigated films indicating that the transition from the elastic to 447 plastic region was not detected even after the breaking of the specimens. Consequently, the films 448 behave elastically until their breaking point and their deformations are always reversible. 449
Calculation of the area under the stress-strain curves provide first insights to the energy that is 450 reversibly stored in the films during the test and is frequently termed "toughness" (Table 4) Biopolymer film strength also depends on microstructural defects that may act as focal points 463 for stress proliferation resulting in failure of the specimens. Consequently, the last stage of the 464 investigation was to obtain microstructural information that may give insights on the mechanical 465 behaviour of films and identify structural differences between the samples with changes in the 466 fabrication conditions. Macroscopically all films were optically transparent and objects behind them 467 were visible (e.g., text in Figure 5a, d ). In addition, they could be easily distinguished by the pH of 468 formation, as films prepared at pH 7 had an off-yellow hue irrespectively of the cation that was 469 introduced in contrast to their clearer counterparts fabricated at pH 2 (Figure 5a, d) . Observations at higher length scales (100 µm) revealed that all films are isotropic one-phase 479 systems with no evident phase separated regions (Figure 5b, e) . Such regions could be present either 480 because of plasticiser immiscibility or micro-aggregates of pectin that may be formed during 481 vitrification. Isotropic film formation revealed that differences in the mechanical strength of the 482 specimens could not be attributed to micro-phase separated regions. However, some specimens 483 showed irregular microstructural characteristics (e.g., ripples) or cracks at higher length scales 484 ( Figure S3 ) that may also contribute to the observed differences in the mechanical properties. Since 485 SEM provides only qualitative surface inspection, CSI with the aid of the root mean square height 486 roughness parameter (Sq) was employed to measure the surface topography of the films. (Figure 5c , 487 f, Table 4 ). No significant differences in the Sq values between samples were found, except for those 488 fabricated with CaCl2 at pH 7 that presented distinct surface characteristics (Table 4 ). The surface 489 topography of this sample revealed significant peaks and valleys that affect the local roughness of 490 the sample with the maximum peak height parameter (Sp) being 6.65 µm after surface levelling. 491 Such surface roughness may stem from density fluctuations during the vitrification process thus 492 creating localised distinct "rough" areas in this sample (Figure 5c ). On the contrary, the surface 493 topography of the other specimens revealed that the maximum depth of the irregular surfaces is less 494 than 50 nm presenting insignificant impact on the local roughness and consequently on the 495 mechanical properties of the films ( Figure S3 ). Taking everything into account, macromolecular 496 interactions play greater role than surface characteristics for the differences in the mechanical 497
properties of the films and optimisation of the functionality should be focused on tuning the strength 498 and type of interactions. 499 500
Conclusions 501
Adjustment of thermophysical properties of pectin films was achieved by manipulation of 502 macromolecular interactions thus confirming our initial hypothesis. The most influential factor that 503 controls the overall physical properties of the films was pH with further fine-tuning being possible 504 by doping with cations of variable valency. In particular, pH 2 and metal inclusion results in a 505 spectacular gradual increase of Tg of up to 25 o C whereas at pH 7 the effect is muted (~ 5 o C). This 506 is a result of dense structure formation in solution at low pH prior to vitrification creating lower free 507 volume resulting in higher Tg compared to samples formed at neutral pH. Modulation of forces at 508 the molecular level ultimately results in films with different tensile properties. Those fabricated at 509 pH 2 were substantially stronger exhibiting lower extensibility with the microstructural 510 characteristics playing minimal role in defining mechanical properties. Overall, it has been shown 511 that it is possible by controlling the interplay of the molecular interactions to tailor the physical 512 properties of pectin films and engineer biomaterials for a series of applications. 
